Abstract. The solidification path and precipitation of carbides in the Fe-C-V-Cr-Mo-W high speed steel system are predicted with the help of thermodynamic equilibrium calculations. The Partial Equilibrium (PE) approximation is favoured. According to experimental data for high speed steel samples, the precipitating solidification sequence of carbides, including nature, composition and amount are discussed as a function of the nominal composition of C and V. The results show that the solidification path can be reasonably predicted by the Partial Equilibrium approximation for cooling rate lower than 10 K min -1 . The experimental results suffer from the sensitivity limitation of the characterization methods used when the phase fraction becomes too small.
Introduction
The carbides in high speed steels play important roles on wear-resistant properties. In order to obtain good properties and long life-time, the nature of the carbides should be strictly controlled in the solidification structure.
In general, this is achieved through the study of solidification path using simple approximations with respect to diffusion in the solid phases. Solidification paths in a multi-component system are derived from microsegregation models. The Gulliver-Scheil (GS) approximation [1, 2] can be realistic despite its omission of the diffusion of all components in solids including the interstitial elements. The Partial Equilibrium (PE) approximation [3] distinguishes the diffusion of interstitials and substitutionals as infinite and zero, respectively. The Kobayashi model [4] considers diffusion in solid but it can only be applied to dilute multi-component alloys. The Zhang et al. model [5] considers the diffusion of several components in each phase but is limited to dendritic and peritectic structures [6] , no eutectic structures being yet considered as it was the case for binary alloys [7] [8] [9] .
Hillert [10] analyzed the back-diffusion of components C and Cr in liquid and primary FCC phase in Fe-C-Cr alloy by using a one-dimensional numerical solution. Chen and Sundman [3] developed a Partial Eequilibrium model to predict the partial equilibrium solidification behaviour of Fe-C-Cr alloy, which is implemented in software package Thermo-Calc. They showed good agreement with the previous simulations reported by Hillert [10] . Kozeschnik et al. [11] also consider both the partial distribution of fast diffusers and the solid-solid phase transformation such as the peritectic transformation of liquid plus delta-ferrite into austenite in low-carbon steels. In this paper, considering the back diffusion of carbon in solid, the Partial Equilibrium (PE) approximation is developed and applied to the prediction of the solidification path and carbide precipitation in the Fe-C-V-Cr-Mo-W high speed steels. The effects of C and V contents on the amounts, composition and nature of the carbides are discussed. The range of cooling rate for application is discussed through comparison between the predictions and the experimental data.
Experimental work
The experiments were made by Yamamoto [12] . The raw materials were melted inside an electric resistance furnace with Ar gas atmosphere. The melts were made of Fe, C, V, Cr, Mo and W in which the compositions of Cr, Mo and W were fixed to 5 wt%. The C content varies in the approximate range 1 to 4 wt% and the V content varies in the range 3 to 11 wt%. Exact alloy compositions are given in table 1. The molten alloy was poured into a cylindrical metallic mold with diameter 12 mm and length 100 mm. The solidification was studied by thermal analysis. For that purpose, 30 g rods of each alloy were remelted to a temperature 100 °C above its melting point in a furnace with SiC heater and Ar gas atmosphere, then cooled down at cooling rate of -0.17K s -1 (i.e. 10 K min -1 ). The precipitation temperatures for solid phases were estimated through the thermal analysis curve. The solidification structure was observed through quenching during solidification. The phases were identified by X-ray diffraction, color etching and chemical analysis using Electron Probe MicroAnalysis (EPMA). The phase compositions were determined at the same time, i.e. close to the temperature of formation. 
Partial equilibrium model
Based on a global minimization technique of the Gibbs energy of a system, thermodynamic equilibrium calculation is performed providing the conditions to zero degree of freedom [13] . For a ncomponent system, n+2 conditions need to be set which are here the (n-1) solute compositions, the moles of the system, the temperature and pressure. A full equilibrium calculation following the nominal composition of a system gives direct access to the lever rule (LR) approximation. The Gulliver-Scheil (GS) approximation, assuming no diffusion in solids, indicates that the new phases always precipitate from the residual liquid and the already formed solids remains frozen. The Partial Equilibrium (PE) approximation assumes no diffusion in solids for substitutionals and infinite diffusion for interstitials among which one can consider C, O, N, H and B elements in steels. The new phases still precipitate from the residual liquid as the GS model. Then the compositions and the amounts of the phases are adjusted based on equalization of the chemical potentials of the interstitials. For the present system studied, only C behaves as interstitial, all other elements being assumed as substitutional. In an imposed temperature stepping loop, with decreasing temperature, the solidification sequence then obey the following equations:
-Equal chemical potential of the interstitial component C between liquid phase, l, and a solid phase, s 1 :
-Mass conservation of interstitial component C before and after partial equilibrium:
-Unchanged u-fraction of substitutional components, such as Fe, before and after partial equilibrium in each phase:
-Mass conservation of substitutional components before and after partial equilibrium:
The chemical potentials of C in a phase s 1 and l are determined through phase equilibrium calculation for a given phase composition, temperature and pressure. In the above equations, (w C l ) and 
The program, based on the previous work by Chen and Sundman [3] , is implemented using the TQ interface for coupling with thermodynamic equilibrium calculations made by Thermo-Calc [13] and access to the thermodynamic properties of steels from the database TCFE6 [0] . The temperature step is -1 °C. The calculation finishes once the liquid fraction in mass is less than 10 -4 .
Results

Solidification paths
The solidification path is predicted using the above programmed approximation. Within the composition range shown in table 1, the main precipitating carbides during solidification are MC, M 6 C, M 7 C 3 and M 2 C. As known, the precipitation sequence of the carbides is closely related to the solute accumulated in the residual liquid. Figure 1 plots the composition evolution in residual liquid upon solidification for alloy #6. Except for the Mo and C compositions that gradually increase in the liquid, V, W and Cr increase prior to decrease. It indicates that the carbides related to V (i.e. MC), W (i.e. M 6 C) and Cr (i.e. M 7 C 3 ) successively form during the solidification sequence. The Mo-related carbides (M 2 C) form later. It can also be deduced that the Mo-related carbides may be present in small amount since they form at the final stage of solidification. Figure 2 . Effects of (a) C and (b) V on solidification path of Fe-C-V-Cr-Mo-W alloys illustrated in temperature-composition graphs. The predicted precipitation temperature of a new phase is deduced from the PE approximation. It corresponds to the highest temperature at which it starts to form. The corresponding temperature is measured from thermal analysis [12] . The carbide precipitating sequence as a function of C and V contents are illustrated in temperature -composition diagrams presented in figure 2. The curves with the open symbols denote the predicted results and the solid symbols are used for the experimental data [12] . The sequence of carbide precipitation as a function of temperature is seen on the left part of the figure 2b for alloy #6 shown in figure 1 . It is found that the liquidus and solidus are predicted within a maximum 30 °C difference from the measured ones, while the formation of FCC, MC, and M 2 C is retrieved by the simulation. The formation of M 6 C and M 7 C 3 was yet not found in the experimental analyses. It is not clear whether these carbides were not detected during the experimental analyses or the predictions are not accurate. Considering the complexity of the multicomponent systems, the comparison reached for all alloys is rather good and do provide some validation of the assessed thermodynamic data and the choice of the PE approximation. considering all substitutional components j in phase α, the u-fraction of a i in α is defined as w i α / j ∑|w j α .
Carbides composition
There are MC, M 2 C, M 7 C 3, M 6 C, etc, carbides in the solidification structure of Fe-C-V-Cr-Mo-W alloys. As known, the composition changes in the newly formed phases during solidification. It results in a non-uniform composition distribution in the microstructure. On the other hand, the carbide compositions also changes when varying the nominal compositions of C and V. Table 2 summarizes the analyses of the carbides composition in alloy #10. As seen, the carbides MC, M 6 C, M 7 C 3 and M 2 C contain the 6 components of the system in which one or two act as dominating component. Analyzing phase constitutions, it is known that MC is a carbide of vanadium where V dominates with u-fraction of 48.73 wt%. M 6 C is a (W, Mo)-realted carbide, in which W is in u-fraction of 31 wt% and Mo is 28 wt%, respectively. M 7 C 3 is a (Cr, Fe)-related carbide, where Cr and Fe are in u-fraction of 39 wt% and 32 wt%, respectively. M 2 C is a carbide of molybdenum, in which Mo is in u-fraction of 59 wt%. Other carbides are also analyzed, in which M 3 C is also a 6 component iron carbide with u-fraction of Fe reaching 82-83 wt%. The data in parentheses of table 2 are detected by EPMA analysis [12] .
Comparison indicates that MC, M 2 C, M 7 C 3 contain the same 6 components and the predicted compositions for MC and M 7 C 3 are almost the same as those by EPMA analysis. While the constitution of M 2 C by EPMA analysis is more like the one of M 6 C by prediction in which Mo and W are both the dominating components and in the same composition range. Moreover, it is indicated that Mo uniquely dominates in M 2 C from the prediction. It was also shown that the experiments did not probe the existence of M 6 C. 
Discussion
Effect of C
Fixing 3 wt% V and 5 wt% for Cr, W and Mo, the effects of C on the precipitation sequence of carbides is illustrated in figure 2a . With the variation of C within 1.2-3.6 wt%, the primary precipitating phase is FCC. Carbides such as MC, M 6 C, M 7 C 3 , M 2 C, and even M 3 C for the highest C content, precipitate afterwards. One can compare the sequence of carbide precipitation on the same graphs for all alloys by drawing the average liquid composition during the solidification sequence. This is presented in figure 3a . It is found that with an increase of C, the compositions of Mo and C in liquid are increased gradually while the others are decreased. This indicates that with the increase of C, after the formation of the W-, V-and Cr-related carbides, the Mo-related carbides gradually form. The precipitating sequence of the carbides (figure 2a) verifies the above deductions. Following the solidification sequence, MC, M 6 C and M 7 C 3 carbides form firstly, afterwards M 2 C form. And with the increase of C, the Mo-related carbide (M 2 C) precipitates further and further away above the solidus point. These deductions are verified also from the precipitating amounts of the carbides (figure 4a) which shows that the amount of M 2 C is less than 1% in volume fraction. Analyzing the precipitating sequence, the amount as well as the composition of the carbides, one can confirm that M 6 C simultaneously contains high W and Mo contents and forms in large amount at the first stage of the solidification sequence, rather than M 2 C. As a result, the main carbides within the variation of C composition should be MC, M 6 C and M 7 C 3 instead of the measured MC, M 2 C and M 7 C 3 through X-ray diffraction analysis in Yamamoto's experiments [12] . Moreover, the carbides less than 1% in amount, such as M 2 C in this case, can be predicted by solidification path prediction but can not be detected by X-ray diffraction due to its poor sensitivity to phase fractions less than 1%.
With the increase of C by 2wt% (from 1.3wt% to 3.3wt%, as shown in figure 4a ), the volume fraction of the total carbides increases greatly by 10%. Most of the carbides increase where M 7 C 3 and MC increase largely, M 6 C first increases then decreases and is replaced by the other carbides such as M 3 C and M 2 C. The formation of these carbides closely relates to the local composition in residual liquid. As indicated in figure 3a , with the increase of C, the compositions of Fe and Mo in the residual liquid increase, which makes possible the formation of M 3 C (related to Fe) and M 2 C (related to Mo) but M 6 C (related to both W and Mo), based on the analysis of carbide composition.
Effect of V
Keeping the composition of C as 2 wt% and varying V among 3-11wt%, as seen from figure 2b, the precipitating carbides are MC, M 6 C, M 7 C 3 and M 2 C after the primary FCC phase when V is less than 8 wt%, or the BCC phase instead. During the formation of carbides, the accumulation or the consumption of the composition in residual liquid with the variation of V shows the same tendency as for the case of C, while the decreasing sequence is in the order of V→W→Cr→Mo. It indicates that the precipitation of carbide follows the sequence MC→M 6 C→M 7 C 3 →M 2 C. And with the increase of V, the compositions of Cr and V increase in the residual liquid but the others decrease. It indicates that the carbides vary correspondingly from Mo-and W-related carbides (M 2 C, M 6 C) to Cr-and V-related carbides (M 7 C 3 , MC and M 6 C). These deductions are verified from the precipitating sequence of the carbides (figure 2b) which follows the sequence of MC, M 6 C, M 7 C 3 and M 2 C and from the precipitating amounts of the carbides (figure 4b) which shows that the main carbides predicted are MC, M 6 C and M 7 C 3 within the variation of V composition. The above analysis is also deduced that it should be M 6 C (with the high content of both W and Mo simultaneously) in large amount in the precipitating carbides instead of the measured M 2 C through X-ray diffraction analysis in Yamamoto's experiments. With the increase of V by 8.13% (from 3 wt% to 11.13 wt% in figure 4b), the amount of the total carbides only increase by 5.5%, in which MC increases largely by 10% but the other carbides like M 7 C 3 and M 6 C decrease. As shown in figure 3b , the increase of V makes the compositions of Cr and V increase in the residual liquid but decreases the composition of Fe. As a result, only V related carbide MC increases while the (Cr, Fe) related carbide M 7 C 3 decreases. 
Conclusions
The precipitation sequence, the nature, the composition and the amount of carbides during the solidification of Fe-C-V-Cr-Mo-W high speed steels are discussed as a function of the nominal composition of C and V by the help of Partial Equilibrium (PE) approximation in thermodynamic calculations. It indicates that -The main carbides formed during solidification are MC, M 6 C and M 7 C 3 with variations of C in the range 1.2-3.6 wt% and variations of V in the range 3-11 wt% for Fe-C-V-5wt%Cr-5wt%Mo-5wt%W alloy. Both the nature and amounts of carbides change with the C and V content: i. When the C content is increased, carbides change from V-, W-, and Cr-related carbides (MC, M 6 C , M 7 C 3 ) to Mo-related carbides (M 2 C etc). The increase of V content tends to carbide changes from Mo-and W-related carbides (M 2 C , M 6 C) to the Cr-and V-related carbides (M 7 C 3 , MC). ii. The increase of C largely favours the formation of M 7 C 3 , M 3 C and MC but M 6 C carbide in amounts. With an increase of the V content, the amount of MC carbides increases largely, unlike M 7 C 3 and M 6 C carbides. -Partial Equilibrium approximation, based on the thermodynamic equilibrium calculation and a reliable database, gives more reasonable prediction of the solidification path in multicomponent alloy solidification process for cooling rate lower than 10 K/min, in spite of the sensitivity limitation of the characterization methods used in experiments to the phases with too small amount.
